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Lens growth involves the proliferation of epithelial cells, followed by their migration to the equator
region and differentiation into secondary ﬁber cells. It is widely accepted that ﬁbroblast growth factor
(FGF) signaling is required for the differentiation of lens epithelial cells into crystallin-rich ﬁbers, but
this signaling is insufﬁcient to induce full differentiation. To better understand lens development,
investigatory and functional analyses of novel molecules are required. Here, we demonstrate that
Equarin, which is a novel secreted molecule, was expressed exclusively in the lens equator region
during chick lens development. Equarin upregulated the expression of ﬁber markers, as demonstrated
using in ovo electroporation. In a primary lens cell culture, Equarin promoted the biochemical and
morphological changes associated with the differentiation of lens epithelial cells to ﬁbers. A loss-of-
function analysis was performed using zinc-ﬁnger nucleases targeting the Equarin gene. Lens cell
differentiation was markedly inhibited when endogenous Equarin was blocked, indicating that Equarin
was essential for normal chick lens differentiation. Furthermore, biochemical analysis showed that
Equarin directly bound to FGFs and heparan sulfate proteoglycan and thereby upregulated the
expression of phospho-ERK1/2 (ERK-P) proteins, the downstream of the FGF signaling pathway,
in vivo and in vitro. Conversely, the absence of endogenous Equarin clearly diminished FGF-induced
ﬁber differentiation. Taken together, our results suggest that Equarin is involved as an FGF modulator in
chick lens differentiation.
& 2012 Elsevier Inc. All rights reserved.Introduction
The normal development of an organism requires the elabo-
rate control of cell proliferation, migration and differentiation.
Owing to its simple structure and ease of manipulation, the ocular
lens has long been considered an excellent tissue in which to
study these key developmental processes. The lens consists of two
morphologically distinct cell types: a cuboidal epithelium covers
the anterior surface, and concentric layers of ﬁber cells account
for the remaining tissue, which makes up the vast majority of the
tissue volume. The growth of the lens is caused by the prolifera-
tion of epithelial cells, which is followed by their migration to the
equator region and differentiation into secondary ﬁber cells
(Lovicu and McAvoy, 2005; Piatigorsky, 1981). The process of
epithelial-to-ﬁber differentiation continues throughout life and isll rights reserved.
(K. Ohta).characterized by distinct molecular and morphological changes,
including exit from the cell cycle, cell elongation, the loss of
cytoplasmic organelles and nuclei, and the accumulation of ﬁber-
speciﬁc proteins, such as crystallins and the beaded ﬁlament
subunits CP49 and ﬁlensin (Hess et al., 1998).
The mechanisms by which the two forms of lens cells differ-
entiate in the lens have been a major focus of lens developmental
biology. The ocular media are a rich source of growth factors, and
the lens itself expresses members of the major growth factor
families and a variety of growth factor receptors. More than 20
years of accumulated evidence from several different vertebrate
species has suggested that ﬁbroblast growth factors (FGFs) and
ﬁbroblast growth factor receptors (FGFRs) play key roles in lens
development (Le and Musil, 2001; Lovicu and Overbeek, 1998;
Robinson et al., 1995, 1998). Although the precise role of any one
FGF or FGFR family member in this process remains unclear, FGF
signaling has been implicated in lens induction, lens cell prolif-
eration and survival, lens ﬁber differentiation and lens regenera-
tion (Robinson, 2006). To date, FGF is the only factor known to be
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more recent studies have shown that, although FGF is essential for
ﬁber cell differentiation, it is clearly not sufﬁcient (O’Connor and
McAvoy, 2007; Wang et al., 2010). The identity of novel molecules
that play an important role in ﬁber differentiation and the
precise mechanism of FGF function remain key questions in lens
development.
Previously, we isolated a novel secreted molecule, Equarin,
from a chick E6 lens cDNA library using signal sequence trap
screens (Mu et al., 2003). We demonstrated that Equarin is
expressed exclusively in the chick lens equator region, a site
where epithelial cells are ﬁrst exposed to high levels of FGF that
are derived from the vitreous humor. This expression in the chick
lens is continuous during the embryonic early and postnatal
stages (Mu et al., 2003). Because the lens epithelial-to-ﬁber
differentiation process continues throughout life and the lens
equator is the transitional zone from the anterior epithelial cells
to posterior ﬁber cells, Equarin is predicted to play an important
role in the development of the chick lens.
In the present study, we found that overexpression of Equarin
promoted chick lens ﬁber differentiation in vivo and in vitro. To
better evaluate the role of Equarin, we used zinc-ﬁnger nuclease
(ZFN) technology to demonstrate that Equarin ZFNs efﬁciently
induce targeted mutation of Equarin genes. Lens ﬁber differentia-
tion was signiﬁcantly inhibited when endogenous Equarin was
blocked by ZFNs, indicating that Equarin is essential for normal
chick lens ﬁber differentiation. Moreover, we found that Equarin
bound directly to FGF and heparan sulfate proteoglycan, thereby
upregulating FGF signaling. Conversely, the absence of endogen-
ous Equarin induced by ZFNs clearly diminished FGF-induced
lens ﬁber differentiation. Consequently, Equarin appears to play a
vital role in lens ﬁber differentiation by modulating FGF/FGFR
signaling.Materials and methods
Embryos
Fertilized White Leghorn chicken embryos that were obtained
from a local supplier were incubated at 38 1C in a humidiﬁed
incubator. The embryos were staged as previously described by
Hamburgur and Hamilton (1951).
Equarin protein puriﬁcation and monoclonal antibody production
To raise a monoclonal antibody against the Equarin protein,
we puriﬁed an Equarin-Myc-His chimeric protein from the
culture medium of Equarin-expressing HEK293 cells. The immu-
nization was performed in accordance with previously described
procedures (Ohta et al., 1996). The hybridomas were screened
using an enzyme-linked immunosorbent assay and then by
immunohistochemistry using both COS-7 cells that transiently
expressed Equarin and lens sections from E10 chick embryos. Two
hybridoma cell lines were established, which are referred to as
clone 1 and clone 3.
In vivo electroporation and analysis of phenotypes
The Equarin-Myc-His cDNA fragment was subcloned into the
pCAGGS vector (Niwa et al., 1991). The electroporation of the DNA
constructs was performed as previously described (Uchikawa,
2008). The pCAGGS-Equarin-Myc-His construct or empty vector
was electroporated together with pCAGGS-GFP at a ratio of 9:1
into one side of the head ectoderm of Hamburger–Hamilton stage
(HH) 10 embryos. The embryos were then cultured in ovo to thedevelopmental stages of interest, and those embryos that dis-
played a GFP signal within the lens region were selected for
further analysis. We conﬁrmed that the development of the
empty-vector-electroporated lenses was equivalent to the devel-
opment of the contralateral un-electroporated lenses, and the
Equarin-electroporated lenses were compared to the empty-
vector-electroporated lenses.
Cell cultures and treatments
Dissociated cell-derived monolayer cultures (DCDMLs) from
lens epithelial cells were prepared from E10 chick lenses and
plated at 1105 cells/well on laminin-coated 96-well tissue
culture plates, as previously described by Le and Musil (1998).
The cells were cultured in Dulbecco’s modiﬁed Eagle’s medium
that contained BOT (2.5 mg/ml bovine serum albumin [BSA] and
25 mg/ml ovotransferrin) and gentamicin in the presence or
absence of additives at 37 1C in a 5% CO2 incubator. The cells
were fed every 2 days with fresh medium. Recombinant bovine
FGF2 was obtained from R&D Systems (Minneapolis, MN, USA),
and recombinant FGF1 was obtained from Sigma-Aldrich (St
Louis, MO, USA).
Construction of functional ZFNs
ZFNs targeting the Equarin gene were generated by one hybrid
screening of a zinc-ﬁnger library (Ochiai et al., 2010). ZFN activity
was assayed using a single-strand annealing assay with HEK293
cells (Ochiai et al., 2010).
Plasmids and transient transfection of lens cells
The DCDML cultures were transfected 1 day after plating in
Opti-medium without antibiotics using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA). The pCAGGS empty vector, pCAGGS-
Equarin-Myc-His, p3XFLAG-FGF2 or pCAGGS-ZFNs were used at a
concentration of 0.2 mg DNA per well in a 96-well tissue culture
plate. After incubation with the DNA for 6 h, the transfection
medium was supplemented with DMEM containing BOT. The cells
were cultured for an additional 4 days prior to analysis.
In situ hybridization, immunohistochemistry and western blotting
To prepare samples for in situ RNA hybridization and immu-
nohistochemistry, dissected embryos were ﬁxed overnight in 4%
paraformaldehyde (PFA) and embedded in Optimal Cutting Tem-
perature compound (Sakura, Torrance, CA, USA) before being
snap-frozen. The in situ hybridization was performed as pre-
viously described (Mu et al., 2003) using digoxigenin (DIG)-
labeled antisense Equarin probes, which were produced from
the corresponding DNA construct. Immunostaining was per-
formed using speciﬁc primary antibodies, followed by incubation
with ﬂuorescent secondary antibodies and Hoechst staining to
label the nuclei.
For the immunoblotting analysis, the DCDML cultures were
solubilized in SDS-PAGE sample buffer and boiled for 10 min. An
aliquot of 1 mg (b-crystallin), 3 mg (CP49) or the entire cell lysate
(ERK) from a 96-well culture plate was analyzed using SDS-PAGE.
Intact lenses from HH 18 embryos were dissected and immedi-
ately solubilized in lysis buffer; 20 mg of the total lens protein was
analyzed using SDS-PAGE. After electrophoresis, the proteins
were transferred to polyvinylidene ﬂuoride (PVDF) membranes
(Millipore, Billerica, Massachusetts, USA). Immunoreactive bands
were detected with enhanced chemiluminescence (ECL-Plus)
using horseradish-peroxidase-linked anti-rabbit or anti-mouse
IgG antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Fig. 1. Spatial and temporal expression of Equarin in the developing chick lens.
The mRNA (A–D) and protein expression (E–H) of Equarin were detected in
coronal sections of chick eyes at HH 13 (A, E), HH 20 (E3) (B, F), and HH 36 (E10)
(C, D, G, H). The orientation schematic is shown in (A). Proximal is downward, and
dorsal is toward the right. Note that Equarin was ﬁrst detected in the lens placode
at HH 13 and in the proximal side of lens vesicle at HH20. Gradually, Equarin was
localized to the lens equatorial annular pad (C, D, G and H, between two
arrowheads), newly differentiated ﬁber cells (C, D, G and H, arrows) and the lens
capsule (G, H, open arrowheads), and it displayed a high-dorsal-to-low-ventral
gradient. lp, lens placode; ov, optic vesicle; lv, lens vesicle; plf, primary lens ﬁbers;
(D), dorsal; (V), ventral. Scale bars: 100 mm.
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ing or immunoblotting: anti-Myc monoclonal antibody (9E10; the
Developmental Studies Hybridoma Bank [DSHB], University of
Iowa, Iowa City, IA, USA); anti-b-crystallin (DSHB); anti-Flag-M2
monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA); rabbit
anti-mouse CP49 polyclonal serum (#899, a generous gift from
Paul FitzGerald, University of California), anti-p44/42 MAP kinase
polyclonal rabbit antibody (Cell Signaling Technology, Beverly,
MA, USA) and anti-b-tubulin (R&D Systems).
Co-precipitation
COS-7 cells were transfected with Myc-His-tagged Equarin and
either Flag-tagged FGF1 or Flag-tagged FGF2. The conditioned
media from both of the transfections were incubated together
overnight at 4 1C, and this was followed by incubation with
ProBand Resin (Invitrogen, Carlsbad, CA, USA) on a rotator for
2 h. Next, the beads were washed in IP buffer (containing 0.1%
BSA, 150 mM NaCl, 20 mM Tris–HCl [pH 7.5], 1.5 mM CaCl2,
1.5 mM MgCl2, 0.1% Triton X-100 and 0.1% CHAPS), and the
protein-bound beads were analyzed using SDS-PAGE. The Myc-
tagged and Flag-tagged proteins were detected using 9E10
(DSHB) and M2 (Sigma) antibodies, respectively.
Binding of Equarin to heparin Sepharose
We transfected pCAGGS-Equarin-Myc-His and p3XFLAG-CMV-
FGF2-Flag into COS-7 cells. 500 ml of conditioned serum-free
medium was incubated for 3 h at 4 1C with 30 ml of heparin-
Sepharose CL-6B beads (GE Healthcare Bio-Sciences AB, Sweden).
The bound materials were then eluted by boiling in SDS-PAGE
sample buffer and detected by SDS-PAGE and western blotting.
The Myc-tagged Equarin protein was detected with an anti-Myc
antibody (9E10; DSHB), and the Flag-tagged FGF2 was detected
with an anti-Flag-M2 antibody (Sigma). Binding to heparin-
Sepharose was performed either with or without the addition of
1.0 M NaCl.Results
Expression of Equarin in the lens during early chick development
The expression of Equarin in the developing chick lens has
been previously demonstrated by whole-mount in situ hybridiza-
tion (Fig. S1A, Mu et al., 2003). We further studied Equarin mRNA
expression in sections using in situ hybridization. Equarin mRNA
was ﬁrst detected at HH 13 in the lens placode (Fig. 1A), which is
deﬁned as the thickened region of the ectoderm, and subse-
quently detected on the proximal side of the lens vesicle at HH 20
(Fig. 1B). As lens development proceeded, Equarin was expressed
in the lens equator region in a high-dorsal-to-low-ventral gradi-
ent (Fig. 1C and D). The chicken lens presents an epithelial
specialization known as the annular pad, which is composed of
post-mitotic cells committed to and undergoing the initial stages
of lens ﬁber formation. The annular pad cells of avian lenses are
analogous to the transitional zone epithelial cells of mammalian
lenses. Equarin was localized in both the annular pad (Fig. 1C and
D, between two arrowheads) and newly differentiated ﬁber cells
(Fig. 1C, D, arrows); this expression pattern seen in chicks was
similar to that observed in mice (Fig. S1B–D).
To investigate the distribution of Equarin protein during lens
development, we generated an anti-Equarin monoclonal anti-
body, which was screened by enzyme-linked immunosorbent
assay and subsequently by immunohistochemistry using COS-7
cells that transiently expressed Equarin-Myc (Fig. S2A). TheEquarin protein that was detected, without ﬁxation, by anti-Myc
antibody staining was strongly expressed in the peripheral region
of the cells. The staining pattern of the puriﬁed anti-Equarin
monoclonal antibody (clone 3) was identical to that of the anti-
Myc antibody (Fig. S2A), indicating that the signal detected with
the antibody corresponded to the Equarin protein. During chick
lens development, the Equarin protein distribution coincided with
expression at the mRNA level, which was also detected in the lens
placode at HH 13 (Fig. 1E), in the proximal side of the lens vesicle
at HH 20 (Fig. 1F) and lastly in the equator region in a high-
dorsal-to-low-ventral gradient that included the annular pad
(Fig. 1G, H, between the two arrowheads) and newly differen-
tiated ﬁber cells (Fig. 1G, H, arrows). Interestingly, Equarin
protein was also expressed in the lens capsule (Fig. 1G, H, open
arrowheads).
Overexpression of Equarin upregulates the expression of lens
ﬁber-speciﬁc proteins in vivo
To address the role of Equarin during chick lens ﬁber develop-
ment, we performed in ovo electroporation into the head ectoderm of
HH 10 chick embryos. The pCAGGS-Equarin-Myc-His or empty vector
was electroporated together with pCAGGS-GFP. After the embryos
were cultured to HH 18, all of the empty-vector-electroporated
embryos exhibited normal lens morphology and the same expression
pattern of ﬁber proteins in the contralateral side and the electro-
porated side (Fig. 2A–F).
In the Equarin-electroporated embryos, the Equarin protein
was well distributed following electroporation. Equarin protein
expression overlapped with that of the GFP signal, which repre-
sents the electroporation area, and it was also distributed in the
remaining part of the lens (Fig. 2L). Importantly, Equarin was
strongly trapped on the lens capsule (Fig. 2L, arrowheads). The
lens capsule is more than just structural support for the lens
within the eye. It also provides necessary signals for proper lens
cell proliferation, migration and differentiation (Blakely et al.,
2000; Robinson, 2006). The binding of Equarin protein to the
capsule suggested the involvement of Equarin in lens ﬁber
differentiation.
As shown in Fig. 2J, the Equarin-electroporated embryos
showed lens structures that were phenotypically normal, suggest-
ing that Equarin does not affect lens induction. To determine
whether there was a change in the differentiation of the cells, we
Fig. 2. Overexpression of Equarin promotes the expression of lens ﬁber proteins.
HH 10 embryos were electroporated with either the empty vector (A–F) or
pCAGGS-Equarin-Myc-His (G–L) together with pCAGGS-GFP and were incubated
until HH18. Serial sections were made and stained with anti-Myc and anti-
b-crystallin antibodies. Note that all of the embryos (n¼6) that were electroporated
with the empty vector (A–F) exhibited similar lens morphologies. In the Equarin-
electroporated lenses (G–L), stronger b-crystallin expression was observed when
compared with the contralateral lens (15/35). The arrowheads in panel (L) indicates
the Equarin protein that was strongly trapped in the lens capsule. Scale bar: 100 mm.
(M) Western blotting of lens lysates revealed the stronger expression of b-crystallin
in the Equarin-electroporated lens relative to the level in the contralateral side
(Student’s t-test, *Po0.001; n¼3). No statistical signiﬁcance (N.S., n¼3) was
observed for the empty vector-electroporated embryos. b-tubulin was used as a
loading control.
Fig. 3. Equarin upregulates the expression of epithelial-to-ﬁber differentiation
markers in the primary culture of chick lens epithelial cells (DCDMLs). The
DCDMLs were cultured in DMEM/BOT medium for 6 days in the absence (control),
or presence of Equarin (20 nM), FGF1 (0.6 nM) or FGF2 (1 nM): (A) the DCDMLs
that were cultured for 6 days with or without Equarin were imaged by phase-
contrast microscopy to show the formation of the lentoids or were immunos-
tained for b-crystallin or CP49. Scale bars: 50 mm. (B) An aliquot of 1 mg
(b-crystallin) or (C) 3 mg (CP49) of SDS-solubilized whole cell lysate from a single
well was analyzed using immunoblotting. The data are shown as the amount of
b-crystallin or CP49 protein in the treated cells relative to the amount in the
untreated controls within the same experiment. b-tubulin is shown as a loading
control.
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which is expressed in differentiated ﬁber cells of the developing
chick lens (Reza and Yasuda, 2004). In 42% (15/35) of the
embryos, although there was little primary ﬁber formation
(Fig. 2G) and weak b-crystallin expression (Fig. 2H) in the
contralateral lens, the Equarin-electroporated lens revealed the
presence of the primary ﬁber that was going to ﬁll the lens vesicle
(Fig. 2J) and exhibited strong b-crystallin staining (Fig. 2K).
Western blot analysis using lens lysates revealed that levels of
b-crystallin were stronger in the Equarin-electroporated lens
relative to the contralateral side (Fig. 2M). These data suggest
that Equarin upregulates b-crystallin expression during lens
development.
Equarin upregulates biochemical and morphological markers of lens
ﬁber differentiation in primary lens cell cultures
To further assess the function of Equarin in lens ﬁber differ-
entiation, we used an in vitro culture system. In the normal lens,
the cells from the equatorial epithelial regions, but not the cells in
the central epithelium, receive growth factors from the vitreous
humor and initiate differentiation. Because Equarin is expressed
exclusively at the lens equator region during chick lens develop-
ment, we attempted to include these cell populations using
primary embryonic chick lens dissociated cell-derived monolayer
(DCDML) cultures, instead of central explant culture (Le and
Musil, 2001).
Lentoids are a morphological hallmark of DCDML differentia-
tion (Le and Musil, 1998; Menko et al., 1984), and b-crystallin has
long been a speciﬁc marker for detecting lentoidogenesis incultures of chicken lens epithelial cells. Thus, the differentiated
state of the lens cells in vitro can be classiﬁed by an examination
of the expression pattern of b-crystallin (Sawada et al., 1993).
CP49 appears after 3 days of embryonic development in the chick,
and the up-regulation of CP49 expression can serve as a ﬁber-
speciﬁc marker for lens ﬁber development in all vertebrates
(Ireland et al., 2000). During the culture of the DCDMLs, each
well was plated with the same number of dissociated lens cells.
We observed that the number and average size of the lentoids
were notably increased in the Equarin-treated cells relative to the
controls (Fig. 3A). These multilayered clusters stained strongly for
b-crystallin and CP49 (Fig. 3A).
Low levels of b-crystallin and CP49 were detected in the
DCDMLs that were maintained in control medium for 6 days.
Although the same amount of protein was analyzed per lane, over
the 6-day treatment period, the puriﬁed Equarin protein (20 nM)
increased the expression of b-crystallin and CP49 in the DCDMLs
to a similar extent as the known ﬁber-differentiation-promoting
factors FGF1 and FGF2 (Fig. 3B, C). The upregulation of both ﬁber
markers required more than a 3-day exposure to Equarin. On the
basis of both biochemical and morphological criteria, we con-
cluded that Equarin promotes lens epithelial-to-ﬁber differentia-
tion in DCDMLs.
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To elucidate the role of endogenous Equarin in lens differentiation,
we carried out loss-of-function experiments using ZFN technology in
chick primary lens DCDML cultures to introduce targeted mutations
of Equarin. We generated ZFNs targeting the Equarin gene (Fig. 4A) in
accordance with previously described procedures (Ochiai et al., 2010)
and examined its efﬁciency and functionality. First, to determine
whether the ZFNs caused site-speciﬁc mutations in Equarin, the DNA
fragments ampliﬁed from Equarin-ZFNs-transfected primary lens
DCDML cultures were digested with the restriction enzyme BssSI,
which has one recognition site in the target site for the Equarin ZFNs
(Fig. 4B). As non-homologous end joining (NHEJ) repair can lead to
short deletions and insertions, we would expect the BssSI site to be
lost in fragments ampliﬁed from Equarin-ZFN-transfected DCDML
cultures. The fragments ampliﬁed from the empty-vector-transfected
DCDML cultures showed complete digestion with BssSI. By contrast, aFig. 4. Generation of functional ZFNs that target chick Equarin gene: (A) a schematic rep
boxes represent untranslated regions and coding regions, respectively. The ZFN-targete
diagram of the Equarin genomic region used for the PCR-based analysis is shown on the
PCR products extracted from the empty-vector-transfected DCDML cultures (C) or Equ
presence or absence of the BssSI site. The control fragment showed complete digestion
(C) Sequence analysis of the Equarin-ZFNs-transfected DCDML cultures. Boxes indic
elements. Red dashes or letters indicate the positions of deletions or insertions, respeclarger undigested band representing the original DNA fragment was
observed in the DNA fragments from the ZFN-transfected DCDML
cultures, indicating the absence of a BssSI site in the target sequence.
These observations are consistent with the presence of a ZFN-directed
mutagenic lesion at this site.
Next, to better characterize these ZFN-induced lesions and
quantify the mutagenesis frequency, we cloned and sequenced
PCR fragments from the Equarin-ZFN-transfected DCDML cultures
(Fig. 4C). Among the 61 clones examined, a variety of lesions
comprising deletions (12 clones, 20%) or deletions and insertions
(18 clones, 30%) were observed. In total, we identiﬁed lesions in
30 of 61 clones, indicating that the ZFN-induced mutagenic
frequency was 49% in chick primary lens cultures. These results
demonstrated that engineered ZFNs could introduce a double-
stranded break (DSB) into the Equarin gene and the resulting
error-prone NHEJ repair could introduce mutations into the
Equarin gene in chicks.resentation of Equarin gene is shown. Exons are indicated by boxes. Gray and black
d sequence and a pair of ZFNs used in this study are shown above. (B) A schematic
left side of the panel. The target site for Equarin ZFNs contains one BssSI site. The
arin-ZFNs-transfected DCDML cultures (Z) were digested with BssSI to assay the
with BssSI. The larger undigested fragment was caused by the loss of the BssSI site.
ate wild-type Equarin sequence. Color shaded boxes label the ZFN recognition
tively.
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To conﬁrm the validity and speciﬁcity of the ZFNs targeting
Equarin, we co-transfected COS-7 cells with the Equarin ZFNs and
Equarin or Akhirin. Like Equarin, Akhirin is a novel secreted
molecule that was isolated from chick E6 lenses (Ahsan et al.,
2005). Akhirin protein was expressed normally in the presence of
the Equarin ZFNs. Conversely, Equarin protein expression was
signiﬁcantly decreased, whereas the ZFNs were transiently co-
expressed (Fig. 5A), indicating the speciﬁcity of the ZFNs for
Equarin.
Subsequently, we examined the efﬁciency of Equarin ZFNs in
chick lens primary DCDML cultures. Equal amounts of protein
were loaded in each lane for blotting analysis. Like exogenously
added puriﬁed Equarin protein, transiently expressed Equarin
promoted epithelial-to-ﬁber differentiation. Importantly, the
differentiation induced by transiently expressed Equarin was
blocked by the targeted mutation of Equarin through the ZFNs.
b-crystallin levels remained low in the DCDMLs after transient
co-transfection with Equarin and the Equarin ZFNs (Fig. 5B).
DCDML culture cells have a limited potential to undergo ﬁber
differentiation when cultured under control conditions without
additional factors. We noticed that transient transfection with the
ZFNs appeared to reduce the level of lens ﬁber cell autonomous
differentiation. b-crystallin levels were markedly diminished
when endogenous Equarin was blocked by ZFNs (Fig. 5B). In all
cases, the ZFN-treated cells retained the same viability as the
controls. This ﬁnding further supports the conclusion that Equarin
is indispensable during lens differentiation.
Equarin interacts with FGFs and heparan sulfate proteoglycan
Given the role of Equarin in epithelial-to-ﬁber differentiation,
it is important to determine the mechanisms by which Equarin
facilitates its effects on lens cell differentiation. Both FGF1 and
FGF2 have previously been found to bind to the lens capsule
(Lovicu and McAvoy, 1993), and the Equarin protein was also
found to be strongly expressed in the lens capsule (Figs. 1G, H,Fig. 5. Effect of ZFNs targeting Equarin on chick lens differentiation in DCDML
culture: (A) engineered ZFNs speciﬁcally knocked down Equarin. Co-transfection
of Equarin ZFNs and Equarin or Akhirin was performed. The Equarin protein was
not detected in the presence of the ZFNs, whereas the Akhirin protein was
normally expressed. (B) The DCDML cultures were transfected with the pCAGGS
empty vector or the pCAGGS-Equarin-Myc-His or pCAGGS-ZFNs plasmids one day
after being plated. The cells lysates were prepared 4 days after the transfection
and assessed for b-crystallin by western blotting. b-tubulin is shown as a loading
control. While transiently expressed Equarin promoted ﬁber differentiation
relative to empty-vector-transfected cells (*Po0.001; n¼3), b-crystallin levels
remained low after transient co-transfection with Equarin and the Equarin ZFNs
(*Po0.001; n¼3). Meanwhile, transient transfection with the ZFNs appeared to
reduce the level of lens ﬁber cell autonomous differentiation relative to empty-
vector-transfected cells (*Po0.001; n¼3).and Fig. 2L). Therefore, we performed a co-precipitation assay to
examine possible molecular interactions between Equarin and the
FGFs. As shown in Fig. 6A and B, both FGF1 and FGF2 were co-
precipitated with Equarin, indicating a direct molecular interac-
tion between Equarin and both FGF1 and FGF2.
FGF1 and FGF2 are secreted from various ocular sites into the
capsule, where they bind to heparan sulfate proteoglycans
(Schulz et al., 1997) and to speciﬁc FGF receptors (de Iongh
et al., 1997). To investigate whether Equarin binds heparan
sulfate proteoglycan(s), in vitro heparin-binding assays were
carried out with heparin beads in either the presence or absence
of 1.0 M NaCl; FGF2, which is known to strongly bind to heparin,
was used as a control. The bound materials were eluted and
analyzed with SDS-PAGE. As shown in Fig. 6C, Equarin bound to
heparin-Sepharose, and this binding was eliminated in the pre-
sence of high ionic strength; this result was also observed for
FGF2. This data conﬁrmed that Equarin interacts with heparan
sulfate proteoglycan(s).
Equarin promotes lens ﬁber differentiation via the FGF-FGFR
signaling pathway
It has frequently been stated that FGF is the only factor known
to be capable of initiating the epithelial-to-ﬁber differentiation
(Lovicu and McAvoy, 2005). Although the signaling pathways that
act downstream of FGF during differentiation are not fully under-
stood, signaling via MAPK/ERK plays a central role and is required
for the expression of several ﬁber-speciﬁc markers (Golestaneh
et al., 2004; Le and Musil, 2001; Lovicu and McAvoy, 2001). We
examined the effect of ectopic Equarin expression on the expres-
sion of phospho-ERK1/2 (ERK-P) proteins, which are the down-
stream effectors of the FGF-MAPK pathway. Using a phospho-
speciﬁc antibody that was raised against ERK1/2, we detected
endogenous ERK-P expression in the lens vesicle in the contralateral
lens (Fig. 7A). Interestingly, ERK-P expression was upregulated in theFig. 6. Equarin binds directly to FGF1, FGF2 and heparan sulfate proteoglycans:
(A, B) Equarin binds to FGF1 and FGF2. Equarin-Myc-His- and FGF-Flag-containing
conditioned media were incubated together, followed by incubation with ProBand
Resin. The input amount of each protein was detected using immunoblotting with
an anti-tag antibody. After immunoprecipitation, bound FGF1/2 was detected by
immunoblotting with an anti-Flag antibody. Lane 1 indicates that in the absence of
Equarin, FGF-Flag could not be detected. Conversely, Lane 2 indicated that FGF-
Flag protein was visualized only in the presence of Equarin, suggesting that FGF
was co-precipitated by Equarin. (C) Equarin binds to heparin-Sepharose. Lane
1 shows the starting material, lane 2 shows the bound material under physiolo-
gical ionic strength, and lane 3 shows the bound material after the addition of
1.0 M NaCl.
Fig. 7. Upregulation of FGF signaling by overexpression of Equarin: (A) ERK-P expression following Equarin electroporation. Serial sections were made for immunostaining.
The samples with strong GFP and upregulation of b-crystallin were selected for staining with an anti-ERK-P antibody. The expression of ERK-P in the lens vesicle of the
Equarin-electroporated side was upregulated. (B) Western blotting of the lens lysates (from the same samples as Fig. 2) revealed that ERK-P was signiﬁcantly induced in
the Equarin-electroporated side relative to the contralateral side (Student’s t-test, *Po0.001; n¼3). (C) Upregulation of ﬁber differentiation by Equarin required
endogenous FGF signaling. DCDMLs were incubated for 1 h in either the absence or presence of PD173074 (PD) (added to cells 1 h prior to the addition of other factors)
with no additions (control), 20 nM Equarin or 1 nM FGF2. The cultures were lysed and assessed for ERK activation. ERK-P expression was also promoted by exogenous
Equarin. However, it was diminished when PD173074 was added prior to the culture. (D) DCDMLs were cultured in a minimal concentration of Equarin (1 nM) and/or FGF2
(55 pM). The lysates were analyzed using immunoblotting with an anti-b-crystallin antibody. Minimal levels of Equarin and FGF together induced b-crystallin expression
to nearly double the level observed with Equarin or FGF alone (*Po0.001; n¼3).
X. Song et al. / Developmental Biology 368 (2012) 109–117 115Equarin-electroporated embryos (Fig. 7A). Western blot analysis of
the lens lysates revealed a higher level of ERK-P expression in the
Equarin-electroporated lens relative to the contralateral side
(Fig. 7B). Lens epithelial cells endogenously express low levels of
FGF1 and FGF2 in vivo and in vitro (Lovicu et al., 1997; Schulz et al.,
1993). Similarly, in DCDML culture, exogenously added Equarin also
promoted the activation of ERK (Fig. 7C). Moreover, this activation of
ERK was reduced by the presence of the FGFR inhibitor PD173074, a
widely used small molecule inhibitor of FGFR1-4 tyrosine kinase
activity (Fig. 7C). These results imply that Equarin upregulates ERK
mainly via FGF-FGFR signaling.
It has been previously shown that FGF2 at a concentration of
55 pM only minimally stimulated lens ﬁber-speciﬁc marker
expression (Le and Musil, 2001). We found that the minimum
concentration of Equarin to induce ﬁber differentiation was 1 nM.
Interestingly, minimal levels of Equarin and FGF together induced
b-crystallin expression to nearly double the level observed with
Equarin or FGF alone (Fig. 7D). This ﬁnding further supportsthe hypothesis that Equarin is capable of upregulating FGF
signaling.
Equarin is necessary for FGF-induced chick lens ﬁber differentiation
To further elucidate the role of Equarin in FGF signaling in
chick lens differentiation, we examined whether FGF-induced
differentiation was inhibited in the absence of endogenous
Equarin. Co-transfection of FGF and Equarin ZFNs was performed
in primary lens DCDML cultures (Fig. 8). Like recombinant FGF2
protein, transiently expressed FGF2 also increased the expression
of b-crystallin in the DCDMLs relative to empty-vector-trans-
fected cells (Fig. 8). Notably, lens epithelial differentiation was
obviously reduced when FGF2 and Equarin ZFNs were co-
expressed. Western blot analysis of the lens lysates showed a
clear decrease in the level of b-crystallin in the cells co-expressing
FGF2 and Equarin ZFNs relative to those expressing FGF2 alone
(Fig. 8). Therefore, the upregulation of ﬁber differentiation by FGF
Fig. 8. Equarin is required for the upregulation of ﬁber markers by FGF. DCDMLs
were co-transfected with Equarin ZFNs and FGF2-Flag. Lysates were analyzed by
immunoblotting with an anti-b-crystallin antibody. b-tubulin was used as a
loading control. Transiently expressed FGF2 increased the expression of b-crystal-
lin in the DCDMLs relative to empty-vector-transfected cells (*Po0.001; n¼3). A
clear decrease in the level of b-crystallin was shown in the cells co-expressing
FGF2 and Equarin ZFNs relative to those expressing FGF2 alone (*Po0.001; n¼3).
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by the lens cells themselves.Fig. 9. A model describing the role of Equarin in chick lens differentiation.Discussion
The role of Equarin in chick lens epithelial-to-ﬁber differentiation
Recent studies have indicated that, although FGFs play impor-
tant roles in lens epithelial-to-ﬁber differentiation, they are
insufﬁcient for the full differentiation of the lens ﬁber cells
(O’Connor and McAvoy, 2007; Wang et al., 2010). FGF1- and
FGF2-deﬁcient mice exhibited no lens development defects (Dono
et al., 1998; Miller et al., 2000). Further evidence indicates that
factors other than FGF, including insulin-like growth factor (IGF),
platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), (Wang et al., 2010), bone morphogenic proteins (BMPs)
(Boswell et al., 2008a, 2008b) and Wnt (Lyu and Joo, 2004), are
required to cooperate with FGF to regulate ﬁber cell differentia-
tion. Thus, to fully understand lens development, investigatory
and functional analyses of novel molecules will be required.
Here, we showed that a novel secreted molecule, Equarin, is
expressed in the lens equator region in chicks and mice; this
region is the transitional zone from the anterior lens epithelial
cells to the posterior ﬁber cells. This expression pattern prompted
us to examine the involvement of Equarin in lens development.
Using both in ovo and in vitro analyses, we demonstrate that
Equarin has the potential to promote epithelial-to-ﬁber differ-
entiation. To gain insight into the functions of speciﬁc genes
during animal development, loss-of-function assays are fre-
quently used. Recently, a new method for targeted mutagenesis
using engineered ZFNs has been reported in several model
organisms, including drosophila (Beumer et al., 2008), zebraﬁsh
(Foley et al., 2009), sea urchin (Ochiai et al., 2010), plants (Shukla
et al., 2009) and human cultured cells (Hockemeyer et al., 2009).
In this study, we tested targeted gene inactivation using ZFNs in
chick lens epithelial cell cultures. Our ﬁndings suggest that ZFN-
induced genomic mutation in chick cells is feasible and quite
robust; nearly half of screened clones carried lesions at the target
sites. Our results provide a foundation for performing focused
gene modiﬁcation in vertebrate genomes and will allow the
development of techniques for more subtle genomic manipula-
tion. Regarding the function of Equarin, our results using ZFN
technology provide convincing evidence that Equarin serves as a
bona ﬁde differentiation factor during chick lens development.
This is ﬁrst report demonstrating the molecular function ofEquarin in chick lens formation; our ﬁndings will open up a
new avenue for the investigation of lens differentiation.The role of Equarin in the FGF signaling pathway
A fundamental question concerns the mechanism used by
Equarin to promote lens ﬁber differentiation. We have shown
that the Equarin protein is strongly distributed to the posterior
lens capsule. FGF1 and FGF2 have previously been reported to be
secreted from various ocular sites into the capsule where they
bind to heparan sulfate proteoglycans (Schulz et al., 1997) and
speciﬁc FGF receptors (de Iongh et al., 1997). In this study, we
demonstrated the direct binding of Equarin to FGF and showed
that Equarin exerted its function by modulating FGF signaling.
These conclusions are based on the following observations:
(1) the overexpression of Equarin upregulated the expression of
ERK-P, the downstream effector of FGF-MAPK, both in vivo and
in vitro; (2) the activation of ERK was diminished by the presence
of the FGFR inhibitor PD173074; and (3) a minimal level of
Equarin and FGF upregulated the ﬁber differentiation. Further-
more, we showed that loss of endogenous Equarin by ZFNs
diminished the upregulation of ﬁber markers by FGF. Thus, all
these observations support the conclusion that Equarin serves as
a novel extracellular regulator of FGF signaling during lens
development. Nevertheless, other molecules may also be neces-
sary for upregulation of differentiation by FGF during chick lens
development because only a partial reduction of FGF function was
induced by Equarin ZFNs.
We showed that Equarin bound to heparan sulfate proteogly-
can. It has been established that heparin or heparan sulfate also
bind to FGF and FGFR and that heparan sulfate is essential for FGF
signaling at the extracellular level, raising the possibility that
Equarin interacts with heparan sulfate to enhance complex
formation between FGF and FGFR. We propose a model in which
Equarin, cell-surface heparan sulfate proteoglycans, and FGF form
a ternary complex on the cell surface; Equarin associates with
heparan sulfate proteoglycans to serve as a reservoir of FGF at or
near the lens cells; this increases the local FGF concentration in
close proximity to the FGFR, which results in the upregulation of
the FGF-FGFR signaling pathway (Fig. 9). In this manner, Equarin
can function as an organizing center for the FGF signaling
complex on the cell surface.
We cannot exclude the possibility that other signaling path-
ways may also be involved in Equarin function. This possibility is
supported by the following results: (1) the ERK pathway also
mediates the EGF, IGF, VEGF and integrin receptor signaling path-
ways; and (2) PD173074 could not completely inhibit the activation
of ERK that was induced by Equarin. These observations imply that
X. Song et al. / Developmental Biology 368 (2012) 109–117 117Equarin may also participate in other signaling pathways during
lens development.
Further investigation will be necessary to identify the binding
domains that mediate the interactions between Equarin and FGF
and heparan sulfate proteoglycans. It will also be interesting to
investigate the signiﬁcance of the gradient pattern of Equarin
expression. Given the distribution of the Equarin protein at
the peripheral retina in a dorsal-high-to-low-ventral gradient
(Fig. S3), one hypothesis is that Equarin affects retinal polarity.
This possibility is supported by the fact that microinjection of
Equarin mRNA into Xenopus embryos causes ventral eye mal-
formation (Mu et al., 2003).Acknowledgments
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